Featured Application: Clean combustion technology of internal combustion engine and internal purification for combustion reactor.
Introduction
At present, the problem of environmental pollution has attracted more and more attention, especially the problem of nitrogen oxide pollution, which has perplexed us for a long time. The generation of NO x is divided into thermal NO x , fast NO x and fuel NO x . Thermal NO x refers to nitrogen oxides produced by oxidation of N 2 in the air at high temperature. The generation mechanism of the fast NO x is that a large amount of NO x is produced rapidly in the surface of the flame when the excess air coefficient is less than 1. The generation of fuel NO x depends on the nitrogen compounds in the fuel. Previous studies have demonstrated that the components of nitrogen oxides emission produced during the combustion process are mainly NO, and a small amount of NO 2 , N 2 O and so on. But NO will be reoxidized to NO 2 in the air. In the control technologies of reducing nitrogen oxides emission, combustion with moderate water addition is an effective way [1, 2] .
Oil water emulsion and water injection are two common measures to introduce water into the combustion reaction, which is also regarded as the fuel improvement techniques. Elsanusi et al. [3] performed a set of engine experiments at the condition of three engine speeds (1000, 2100 and 3000 rpm), three engine loads (20%, 50% and 80%), and three different levels of water concentration (5%, 10% and 15%). They concluded that the nitrogen oxides (NO x ) were significantly reduced with the increase of water content in the emulsion compared to their bases. One advantage of water injection when compared with EGR is the possible reduction of NO x emissions either at low engine loads and high engine loads without a substantial increase in PM emissions [4] .
Kokkulunk et al. [5] investigated the performance and efficiency of a diesel engine with a steam injection system by means of experiment and simulation. They come to conclusion that the steam injection had a positive effect on performance and NO emissions at all speed and didn't affect CO, CO 2 , HC emissions considerably. Tesfa et al. [6] conducted an engine experiment operated with biodiesel directly injected in the cylinder and water injected in the manifold. Some conclusion was got that when the water injection rate was 3 kg/h, NO x was reduced by about 50% and this measure didn't result in significant changes in fuel consumption. In addition, the water injection in the intake manifold had little effect on the cylinder pressure and the heat release rate [7] . Kyriakides et al. [8] performed an experimental study with gasoline-ethanol-water ternary mixtures. They pointed out that the Otto engine requires no modifications to burn E40 and E40h (10% hydrous) efficiently with advantage of NO x emissions reduction. Nag Jung Choi et al. [9, 10] proposed that the combustion temperature of fuel is the most important factor that directly affecting the NO x emissions from the engine. For biodiesel, the NO x emission increases a little with increasing of biodiesel blend ratio in diesel engines fueled with biodiesel blend fuel. This could attribute to that the combustion chamber temperature of biodiesel is higher than that of diesel fuel. Because biodiesel is an oxygenated fuel.
All the references mentioned above are focused on the generation quantity of NO x , which remained at the macro and phenomenal levels. Researchers are more inclined to explain the phenomenon that water addition into the combustion chamber can inhibit the generation of nitrogen oxides based on the physical property of water. Apparently, the latent heat of vaporization of water is high (40.8 kJ/mole at 100 • C, 1 atm), after introducing water into the combustion chamber, the adiabatic flame temperature reduces due to water vaporization. And it is generally believed that the generation conditions of NO x are high temperature and oxygen enrichment. This explanation is reasonable, but not enough. Correspondingly, at the micro level, there are few studies focused on the chemical effects of water involved in the progress of NO x reduction. Namely, the related mechanism is not clear. Some experimental studies have shown that small molecules and free radicals in the period of combustion have some influence on the generation of NO x [11] [12] [13] . However, at present, most laboratories have no quantitative measurement of free radicals. Even in reference 13, planar-laser-induced fluorescence (PLIF) is used to measure the distribution of OH radical. By using planar-laser-induced fluorescence (PLIF) and laser-induced fluorescence (LIF) spectroscopy, the energy decay of incident light and fluorescence quenching will be the biggest barrier. It has a bad impact on the quantitative calibration and has a strict requirement for the output wavelength of the laser [14, 15] . Experimental measurements have limitations, and therefore, numerical calculation is an alternative method.
In further microscopic research on emission problems, it is especially important for multi-level reaction analysis of reaction rate, concentration and reaction time of reaction products in chemical reaction kinetics. Hence, correlation analysis and sensitivity analysis are introduced. Correlation analysis is helpful for researchers to understand the generation and consumption process of combustion pollutants and free radicals in essence, so as to provide a theoretical basis and technical approach for effective control generation of nitrogen oxides. It is of innovative significance to study the process of NO x generation at the condition of oil-water blended with the two means above. And the coupling of correlation analysis and sensitivity analysis can greatly improve the researchers' insight into the importance of each reaction way, thus realizing the purpose of controlling combustion [16] . Under different initial conditions and boundary circumstances, the efficiency of solving the governing equation is too low. The more parameters involved in the model, the more prominent the problem is. Therefore, the introduction of correlation analysis and sensitivity analysis into the kinetics of elemental reaction has enriched the research means to make it possible to analyze the process of combustion [17] . The application of the coupling analysis to the generation of combustion pollutants is of great significance for analyzing the characteristics of pollutant generation, simplifying the reaction model and determining the suppression method.
In the present study, based on such realistic conditions, numerical methods enter into consideration. The valid mechanism analysis of combustion reaction process with oil-water-blended is focused. Based on correlation analysis and sensitivity analysis, the key intermediate products to control the yield of NO x in oil-water-blended condition are obtained, and the main paths are analyzed as well.
Experimental Method and Experimental Setup

Experimental Method
For the numerical calculation of chemical reaction dynamics, CHEMKIN [18] is a common tool, which is suitable for analyzing the chemical reaction process. Its main function is to solve a series of chemical problems involved in combustion through the analysis and calculation of the chemical reaction mechanism. Because the software package has the characteristics of reasonable structure, good reliability and easy to transplant, it has become the mainstream calculation software in the field of combustion chemistry dynamics. Some thermodynamic data are provided in the form of the NASA chemical equilibrium code, which are showed as the following Equations (1)- (6) [19] . Seven coefficients ( a 1k ∼ a 7k ) are given in a database file (e.g., therm.dat), which is provided by the mechanism file.
The chemical reaction mechanism used in this paper comes from two parts. Chen et al. [20] developed a reduced mechanism, which contains 207 species and 1026 steps. The mechanism is based on five components (C 6 H 5 CH 3 , iC 5 H 12 , iC 8 H 18 , nC 5 H 12 , nC 7 H 16 ) gasoline surrogate mechanism, which comes from Lawrence Livermore National Laboratory (LLNL) [21] . This 207-species skeletal mechanism is validated under a wide range of conditions compared to the rapid compression machine (RCM) experimental data, and it has also been mentioned or verified widely in other research [22] [23] [24] . The mixture oil in this mechanism has similar properties to local oil products in Changchun, China, so the mechanism is suitable for this study and for future research.
The NO x mechanism comes from GRI mech3.0 [25] , which has been widely verified by experiments [26] [27] [28] . In order to study the effect of gasoline-water blended on NO x , this work combines the NO x mechanism in GRI mech3.0 and Chen mechanism to fulfill the research. And the composite mechanism is provided with Supplementary materials.
Experimental Setup
The research is carried out in a closed homogeneous batch reactor provided by CHEMKIN code [18] . This is a 'Closed 0-D Reactor', which is used to simulate constant volume combustion problems and solve the energy equation. Before running the project, some of the computing conditions need to be set up. For example, import the composite mechanism file in 'Pre-Processing' section and then set the solver properties. In this project, the absolute tolerance is set to 1.0 × 10 −20 ; the relative tolerance is set to 1.0 × 10 −8 ; the sensitivity absolute tolerance is set to 1.0 × 10 −4 ; and the sensitivity relative tolerance is set to 1.0 × 10 −4 . For quantitative analysis, the water-oil mass ratio (WOMR) is defined in Equation (7). The other properties of the oil and the experimental condition are presented in Table 1 . 
Results and Discussion
Two Stages Reaction Processes
Figure 1a-c are at different coordinating scales. In Figure 1a , the reaction is divided into two stages. The first stage occurs after about 1.3 ms. For the phase of low temperature oxidation, the reaction of mixed gas is exothermic, and the temperature increases from 800 K to 1000 K. H 2 O 2 and HO 2 are mainly produced at this stage and are considered as indicator products for the two-stage reaction. Decomposition of H 2 O 2 , H 2 O 2 + M <=> 2OH + M (#16 elementary reaction in Chen mechanism plus GRI mech3.0) happens at 6.9 ms. For the combustion reaction, the large amount of OH generation marks the start of the burning. The three-body reaction H + O 2 + M <=> HO 2 + M (#9 elementary reaction in Chen mechanism plus GRI mech3.0) is an important radical recombination step, plays an important role as a chain terminating process at the second explosion limit and leads to relatively long induction times at conditions near the second limit [33] . The paramount condition that the system can enter the high temperature stage after the low temperature stage is that the low temperature reaction must be able to release enough heat to increase the temperature of the system. When the temperature reaches to 1000 K, the temperature rises sharply, and the mixture enters the high temperature oxidation stage. The high temperature reaction process releases a lot of heat, which provides the conditions for NO x generation. 
Intermediate Reaction Products (Small Molecules and Free Radicals) at Different WOMR
In Figure 2a , the variation of the reaction rate of H 2 O 2 with different water/oil mass ratio is exhibited. Combined with Figures 1a and 2b ,c, the generation of H 2 O 2 occurred between 0.001 s and 0.002 s and the consumption occurred between 0.007 s and 0.008 s. When the water mass fraction increases from 10% to 30%, the response of the reaction of H 2 O 2 is lagged behind, and the maximum generation rate is 2.77%, 5.67%, 8.38% lower than that without water, and the maximum consumption rate is 3.55%, 6.80%, 13.01% lower than that without water. It shows that both reaction delay and peak value decrease cause the increase of heat needed for activation reaction at the same activation energy and reaction temperature when water is introduced to inhibit the chain reaction. The existence of water plays a role in controlling the rate of the main element reaction. Figure 3 shows the reaction rate of H 2 at different WOMR. Hydrogen has the advantages of low ignition energy, high flame propagation speed, high diffusion rate and wide ignition limit [34] [35] [36] . Therefore, hydrogen addition can effectively increase combustion stability. The primary hydrogen production reaction in this mechanism is: NH + H 2 O <=> HNO + H 2 (#1032 elementary reaction in Chen mechanism plus GRI mech3.0), in which the positive reaction requires very high activation energy, E a = 13.850 kJ/mol. With the increase of water, the temperature of the system decreases and the generation rate of H 2 decreases significantly, and the reaction is pushed back. But another elementary reaction NH + NO <=> N 2 + OH (#1033 elementary reaction in Chen mechanism plus GRI mech3.0) mainly occurs in the reductive environment. So under this circumstance, the above two steps will result in a scramble for the NH radical. Then the final result of the effect is that the NH is oxidized by excessive H 2 O, so the reduction process of NO is hindered, resulting in a slight increase of the yield of NO. From Figure 4 , it can be seen that with the increase of water content, the reaction rates of OH, HO 2 , H and O decrease in varying degrees and are accompanied by the back shift of the peak value. At the same time, there is also the transfer process of material and energy between the four intermediate products. These reactions occur at the high temperature stage at the end of the first stage. Because of the high temperature, the intense reaction, the short reaction time, and the competition for the same components, there is a relationship between these reactions, forming a closed loop, as shown in Table 2 . In a moment, the concentration of OH and O increases sharply, which causes the generation of many active centers. Ultimately, the activation center concentration is the key factor affecting the combustion of the fuel. This is the starting point of the second stage combustion. The concentration of OH and O decreases after some chain carrier is destroyed. Then the system reaches the steady state gradually. Figure 5 shows the mole fraction map of free radicals corresponding to maximum rate map of production of NO, Figure 6 shows the mole fraction map of free radicals corresponding to maximum rate map of production of N 2 O, and Figure 7 shows the mole fraction map of free radicals corresponding to maximum rate map of production of NO 2 . Because the corresponding time of the maximum production rate of NO, N 2 O, and NO 2 is very close to each other, free radicals have little change in the maps of the three groups. In these three groups of figures, because the temperature reduces obviously, the starting point of the high temperature oxidation stage is delayed, the duration of the high temperature is shorter and the generation rate of NO x decreases, with the increase of the proportion of water in the fuel. When the water content increases by 10%, the maximum NO generation rate decreases by 15.24% on average, the maximum N 2 O generation rate decreases by 9.21% on average, and the maximum NO 2 generation rate decreases by 14.78% on average. In the distribution of free radicals mole fraction, H, HO 2 and H 2 O 2 show obviously non monotonicity in lambda direction, which is inconsistent with the monotonicity of NO x generating rate map. It can be roughly estimated that the above three free radicals are not very closely related to NO x generation. For O and OH, the mole concentration map can be observed clearly, which is consistent with the NO x generation rate in the two-dimensional space of lambda and WOMR, in the three groups of figures. In order to further explore, the results of the above maps will be analyzed by correlation analysis and sensitivity analysis. 
Coupling Analysis at Water Mixing and Variable Excess Air Coefficient Conditions
Correlation Analysis
In order to further explain the relative relationship between the small molecules of the free radicals and the NO x , the correlation coefficient algorithm is introduced to illustrate this problem.
Number of pairs, such as (x 1 , y 1 ), (x 2 , y 2 ), . . . , (x n , y n ) are given. It is necessary to check whether the two variables, X and Y, are related. The traditional Pearson product-moment correlation coefficient (PPMCC) is a measure method of the linear relationship between X and Y. However, there are 2 limitations when using Pearson product-moment correlation coefficient. On one side, the data must be obtained from normal distribution in pairs. On the other side, the data are at least equidistant in logical range. Whereas the non-parameter Spearman rank correlation coefficient (SRCC) is used to measure the more generalized correlation relation (not necessarily linear).
Let (x, y) be a sample from two different entire populations: (X, Y) and its observation value is ( x 1 , y 1 ), (x 2 , y 2 ) , . . . ,(x n , y n ). If x i and y i are sorted by value individually, the new rank of x i and y i in the two sequential samples is recorded as R x,i and R y,i (0 ≤ i ≤ n). So, n pairs of rank numbers, (R x,1 , R y,1 ), (R x,2 , R y,2 ), . . . , (R x,n , R y,n ) is obtained from 1 to n. Generally, the Spearman rank correlation coefficient formula can be recorded as follows [37] :
If there is no same data in the X, Y sequence, then the mean value can be recorded as:
So the formula of r s can be further simplified to:
r s > 0 represents positive correlation and r s < 0 represents negative correlation. |r s | is more close to 1, the correlation between the samples is higher. Whereas |r s | is closer to 0, the correlation between the samples is lower. Sometimes the sample with very high correlation coefficient may also come from the uncorrelated population. In order to exclude such situation, a significance test of the correlation coefficient is needed. The Student's t test provides the excellent ability to test the significance of r s . The test formula of student's t is as follows [38] :
The general step of the significance test for the correlation coefficient is to establish the null hypothesis that H0: X and Y are related, and the alternative hypothesis that H1: X and Y is not related. Then give the confidence level α. Based on α, find out the corresponding critical value. At the end make a comparison: if |t| ≥ t α , it is assumed that H0 is tenable and if |t| < t α , it is assumed that H1 is tenable. Table 3 shows the SRCC matrix of free radicals mole fraction and maximum reaction rate of NO x . Figure 8a shows that there is a close relation between the maximum production rate of NO and the mole fraction of O, OH, H 2 (coefficient of SRCC, OH > O > H 2 ). Figure 8b shows that there is a close relation between the maximum production rate of N 2 O and the mole fraction of O, OH, HO 2 , H 2 (coefficient of SRCC, O > H 2 > OH > HO 2 ). Figure 8c shows that there is a close relation between the maximum production rate of NO 2 and the mole fraction of O, OH, HO 2 , H 2 , H 2 O 2 (coefficient of SRCC, OH > H 2 > O > H 2 O 2 > HO 2 ). All results above meet a confidence level of at least 95%. Therefore, it can be considered that the above conclusions are statistically significant and correct. At the same time, it also notes that the mole content of O, OH and H 2 has a very obvious common effect on the generation of nitrogen oxides (NO, N 2 O and NO 2 ). 
Sensitivity Analysis
In many research fields, sensitivity analysis is applied, and the reaction rate of components i is derived from mass action law:
The higher the sensitivity, the more important the elementary reaction j to the component i. The specific sensitivity results are shown in Figure 9 , corresponding to the starting point of the second stage reaction. The positive sensitivity coefficient indicates that the elementary reaction affects the generation of free radicals, and the negative sensitivity coefficient indicates that the elementary reaction affects the consumption of free radicals. The mutual influence increases with the absolute value of the sensitivity coefficient increases. From Figure 9 , it is found that elementary reaction #1, #9, #13, #16 and #20 can promote or inhibit the generation of free radicals OH, O, HO 2 
Conclusions
In this paper, a numerical investigation of the action mechanism of H, O, OH, HO 2 , H 2 and H 2 O 2 on the generation of nitrogen oxides with different air/fuel ratio and different WOMR was completed. The main conclusions are summarized as follows:
• An obvious result of two stages reaction processes is obtained by the numerical method. When the temperature reaches to 1000 K, the temperature rises sharply, and the mixture enters the high temperature oxidation stage. 
